Crocetin, one of the few colored apocarotenoids known in nature, is present in flowers and fruits and has long been used medicinally and as a colorant. Saffron is the main source of crocetin, although a few other plants produce lower amounts of this apocarotenoid. Notably, Buddleja davidii accumulates crocetin in its flowers. Recently, a carotenoid dioxygenase cleavage enzyme, CCD2, has been characterized as responsible for crocetin production in Crocus species. We searched for CCD2 homologues in B. davidii and identified several CCD enzymes from the CCD1 and CCD4 subfamilies. Unexpectedly, two out of the three CCD4 enzymes, namely BdCCD4.1 and BdCCD4.3, showed 7,8;7′,8′ activity in vitro and in vivo over zeaxanthin. In silico analyses of these enzymes and CCD2 allowed the determination of key residues for this activity. Both BdCCD4 genes are highly expressed during flower development and transcripts levels parallel the accumulation of crocins in the petals. Phylogenetic analysis showed that BdCCD4.2 grouped with almost all the characterized CCD4 enzymes, while BdCCD4.1 and BdCCD4.3 form a new sub-cluster together with CCD4 enzymes from certain Lamiales species. The present study indicates that convergent evolution led to the acquisition of 7,8;7′,8′ apocarotenoid cleavage activity in two separate CCD enzyme families.
Introduction
Carotenoids are terpenoid pigments produced by plants, photosynthetic prokaryotes, and certain bacteria and fungi. They are also present in animals, which usually obtain them through their diet. In animals, carotenoids act as antioxidants and as precursors of vitamin A (retinol) (Fiedor and Burda, 2014; Wiseman et al., 2017) . In photosynthetic organisms, carotenoids play a key role in photosynthesis, contributing to the light-harvesting process and protecting against photo-oxidation in a process called non-photochemical quenching (Domonkos et al., 2013) . Further, carotenoids serve as visual and olfactory cues in plant-animal communication because they are responsible for the color of many flowers and fruits (Yuan et al., 2015) , and they are precursors for important volatile flavour compounds (Goff and Klee, 2006) . Carotenoids are also precursors of molecules with different biological activities, such as abscisic acid (ABA) and strigolactones (Schwartz et al., 1997; Walter et al., 2000; Burmester et al., 2007; Al-Babili and Bouwmeester, 2015) . The enzymatic transformations of carotenoids into these products, which are known as apocarotenoids, are catalysed by carotenoid cleavage oxygenases (CCOs) . CCOs are present in all living organisms and differ in substrate specificity and cleavage sites. Plant CCOs are divided into two main subfamilies. The nine-cis-epoxycarotenoid cleavage dioxygenases (NCEDs) are involved in biosynthesis of ABA, and the carotenoid cleavage dioxygenases (CCDs) are involved in the biosynthesis of all other apocarotenoids (Auldridge et al., 2006) . Plant CCDs are divided into five subfamilies: CCD1, CCD2, CCD4, CCD7, and CCD8, which differ in their cleavage activity and substrate specificities (Ahrazem et al., 2015 (Ahrazem et al., , 2016b Walter and Strack, 2011) .
One of the most commercially valuable pigments, crocetin, is obtained from saffron stigmas and gardenia fruits. Crocetin is present in these tissues as glucosylated isoforms known as crocins (Rubio et al., 2008; Nagatoshi et al., 2012) . Economically, crocins rank first among modern natural color additives . Crocins have also been detected in other plants (Moraga et al., 2009) and are present in Buddleja davidii flowers (Liao et al., 1999) . Recently, the enzyme responsible for crocetin production in saffron has been isolated and characterized (Frusciante et al., 2014) . CCD2 cleaves zeaxanthin at 7,8;7′,8′ double bonds but it also acts on other carotenoid substrates that contain a 3-OH-β-ring at the proximal end of the molecule. In Crocus, CCD2 includes plastidic enzymes that belong to a new CCD subfamily only identified in Crocus species (Ahrazem et al., 2016b) and that is closely related to the CCD1 subfamily (Ahrazem et al., 2016a) . Interestingly, another plastidic CCD enzyme involved in the biosynthesis of β-citraurin in Citrus species, CitCCD4b, showed asymmetric cleavage activity at the 7′,8′ double bond in zeaxanthin and β-cryptoxanthin Rodrigo et al., 2013) .
In this work, we tracked the accumulation of crocins during the development of B. davidii flowers and looked for the CCD2 homologs responsible for crocetin formation. We isolated four CCD genes, including a CCD1 homolog and three other enzymes related to the CCD4 subfamily. We found that two of the CCD4 genes recognized and cleaved zeaxanthin at 7,8;7′,8′ double bonds to produce crocetin dialdehyde and their expression was correlated with crocin content. To the best of our knowledge, this is the first report identifying crocetin biosynthesis enzymes in dicotyledonous plants, and it identifies new functions for the CCD4 subfamily.
Materials and methods

Chemicals and plant materials
Chemicals and reagents were obtained from Sigma-Aldrich (www. sigmaaldrich.com) unless otherwise stated. Flower, leaf, and root tissues were obtained from Buddleja davidii grown under field conditions in the Botanical Garden of Castilla-La Mancha (Albacete, Spain). The tissues were frozen in liquid nitrogen and stored at −80°C until required. Five flower developmental stages were selected and defined as follows: stage I corresponded to closed and completely white buds, stage II corresponded to closed buds with a yellowish corolla tube, stage III corresponded to anthesis flowers with an orange corolla tube, stage IV corresponded to post-anthesis flowers with a dark orange corolla tube, and stage V corresponded to senescent flowers.
Extraction and analysis of carotenoids and apocarotenoids by HPLC-diode array detection (DAD)
Flowers at five developmental stages (I to V) were ground in liquid nitrogen in a 1.5 ml Eppendorf tube with a mixer mill (MM400, Retsch GmbH, Haan, Germany) and extracted as previously described (Moraga et al., 2009) . The extracts obtained were stored at −80°C until analysis by HPLC. All assays were performed in triplicate.
The HPLC methods used for the analysis and detection of glycosylated apocarotenoids and carotenoids have been previously described (Castillo et al., 2005; Rubio Moraga et al., 2013) . Crocins were identified by comparing retention times and UV-visible spectra of saffron and Gardenia jasminoides fruit extracts.
Nucleic acid purification and cDNA Isolation
Total RNA was isolated from B. davidii flowers at five developmental stages by using Ambion PolyAtrack, following the manufacturer's protocols (Ambion Inc., www.thermofisher.com). First-strand cDNAs were synthesized by reverse transcription from 2 µg of total RNA using an 18-base pair oligo dT primer and a first-strand cDNA synthesis kit (GE Healthcare Life Sciences, www.gelifesciences.com) according to manufacturer's instructions. These cDNAs were used as templates for PCR using degenerate primers for carotenoid cleavage dioxygenase genes: 5′-TTT/C GAT/C GGN GAT/C GGN ATG G-3′ and 5′-GCA/G TTC CAN AGA/G TGA/G AAA/G CAA/G AAA/G CAA/G TC-3′. Thermal cycling parameters were 2 min at 95°C, 10 cycles of 30 s at 95°C, 30 s at 55°C − 0.3°C/cycle, and 1 min 30 s at 72°C, 35 cycles of 30 s at 95°C, 30 s at 50°C, and 1 min 30 s at 72°C, followed by a final extension of 5 min at 72°C. The PCR products were separated in a 1% agarose gel, purified, ligated into pSpark-TA (Canvax, www. canvaxbiotec.com) and then introduced into E. coli. The full-length clones were obtained by a RT-PCR of 3′ and 5′ amplification ends with the SMARTer TM RACE cDNA Amplification Kit (Clontech, www.clontech.com) using RNA from flowers at anthesis and several primer combinations (Table 1) .
DNA sequencing and analysis of DNA and protein sequences
The obtained clones were sequenced using an automated DNA sequencer (ABI PRISM 3730xl, Perkin Elmer, Macrogen Inc., ww.macrogen.com). Similarity searches were made with the BLAST suite of programs of the National Centre for Biotechnology Information (NCBI; http://www.ncbi.nlm.nih.gov). Motif searches were made using PROSITE (http://expasy.hcuge.ch/sprot/prosite.html), SignalP (http://www.cbs.dtu.dk/services/SignalP), and TMPRED (http://www.isrec.isb-sib.ch/sofware/sofware.html). The proteins were modelled using Swiss-mode and Swiss-PdbViewer (http://www.isb-sib. ch). Membrane interactions of the 3-dimensional protein structures were built up using PPM server (http://opm.phar.umich.edu/server. php). MOLE and COACH were used to visualize tunnels leading to the active site iron atom (Petrek et al., 2007; Yang et al., 2013) .
Phylogenetic analysis
The amino acid sequences were aligned using the BLOSUM62 matrix with the CLUSTALW (http://www.clustal.org) algorithmbased AlignX module from MEGA Version 6.0 (Tamura et al., 2013) (http://www.megasoftware.net/mega.html). The alignments were saved and executed by MEGA Version 6.0 to generate a neighbour-joining tree with bootstrap support using 2500 replicates. Gaps were deleted pairwise.
BdCCD4-YFP fusion protein expression
The full-length BdCCD4.1, BdCCD4.2, and BdCCD4.3 clones were cloned as C-terminal fusions with yellow fluorescent protein (YFP) under the control of the CAMV 35S promoter, following the GB3.0 assembly strategy (Sarrion-Perdigones et al., 2013) using specific primers (Table 1) . E. coli (Top10) was transformed with the resulting constructs. Positive white clones were selected under 50 μg ml −1 spectinomycin and then confirmed by sequencing using an automated DNA sequencer (Perkin Elmer). The recombinants BdCCD4.1::YFP, BdCCD4.2::YFP, and BdCCD4.3::YFP vectors were then transferred into Agrobacterium tumefaciens GV3101 by electroporation. Clones were selected on YEB agar with 100 μg ml −1 rifampicin, 50 μg ml −1 spectinomycin, and 25 μg ml −1 gentamicin. Transient expressions assays were performed in Nicotiana benthamiana leaves as described elsewhere (Shamloul et al., 2014) . Localization of each construct was visualized using a Zeiss 7080 Axio Observer confocal laser scanning microscope. A water immersion objective lens with appropriate laser and filter combinations was used as follows: argon ion laser excitation source at 488 nm with a 520 to 540 nm band-pass emission filter for YFP, and 660 to 750 nm emission wavelengths for chloroplast autofluorescence. Images were processed with FIJI software (http://fiji.sc/Fiji).
Gene expression by qRT-PCR
Total RNA was isolated from leaves, roots, and B. davidii flowers at five developmental stages, namely I to V, by grinding fresh tissue in liquid nitrogen to a fine powder and extracting RNA in Trizol reagent (Gibco-BRL, www.thermofisher.com) according to the manufacturer's protocol. The RNA was resuspended in 200 µl of RNase-free water and treated with RQ1 RNase-free DNase (Promega, www.promega.com). First-strand cDNAs were synthesized using a first-strand cDNA synthesis kit (GE Healthcare Life Sciences) and oligo dTs. The qRT-PCR was carried out on cDNA from three biological replicates using specific primers (Table 1) ; reactions were set up in a final volume of 25 µl in GoTaq® qPCR Master Mix (Promega, www.promega. com) according to manufacturer's instructions. The constitutively expressed 18SrRNA gene was used as a reference. The cycling parameters of qPCR consisted of an initial denaturation at 94ºC for 5 min; 40 subsequent cycles of denaturation at 94ºC for 20 s, annealing at 58ºC for 20 s and extension at 72ºC for 20 s; and a final extension at 72ºC for 5 min. Assays were conducted with a StepOne™ Thermal Cycler (Applied Biosystems,www.thermofisher.com) and analysed using StepOne software v2.0 (Applied Biosystems, www.thermofisher. com). DNA melt curves were created for each primer combination to confirm the presence of a single product.
Activity assays in E. coli cells
Full-length cDNAs were cloned into the EcoRI site of the pBADThio vector (Invitrogen, www.thermofisher.com) by recombination using an In-Fusion® HD Cloning Plus CE kit (Clontech, www. clontech.com) and specific primers ( Table 1 ). The resulting expression plasmids, namely pThio-BdCCD4.1, pThio-BdCCD4.2, and pThio-BdCCD4.3, were sequenced to confirm the correct assembly and sequence. The vectors were then transformed into E. coli BL21 engineered with plasmids for the production of zeaxanthin, lycopene, δ-carotene, and β-carotene (Cunningham and Gantt, 1998) . E. coli transformants were cultured overnight at 30°C in 4 ml Luria-Bertani medium supplemented with 100 µg ml -1 ampicillin and 60 µg ml -1 chloramphenicol. The cultured cells were transferred to 100 ml 2x Yeast Extract Tryptone medium supplemented with 50 µg ml -1 ampicillin and 30 µg ml -1 chloramphenicol and further cultured at 30°C until an optical density of 0.8 at 600 nm (OD 600 ) was reached. Cells were then induced with 2% arabinose and grown overnight at 20°C. The cells were harvested and pigments were extracted repeatedly with 10 ml of acetone until no pigment was visible. The solvent was evaporated under N 2 gas and the pigments were resuspended with 0.3 ml MeOH:tert-methylbutyl-ether (50:50 v/v). The extracts were analysed by HPLC as previously described (Castillo et al., 2005) and via liquid chromatography-atmospheric pressure chemical ionization (+)-mass spectrometry (LC-APCI(+)-MS), using a Q-exactive quadrupole Orbitrap mass spectrometry system (ThermoFisher Scientific), coupled to a HPLC system equipped with a photodiode array detector (Dionex) as previously described (Frusciante et al., 2014) .
Enzymatic activity assays
The pTHIO plasmids containing the cDNA clones were transformed into E. coli BL21 (DE3) cells harbouring the plasmid pGro7 encoding the groES-groEL chaperone system (Takara, www.clontech.com). Overnight 3 ml cultures were inoculated into 50 ml of 2 Yeast Extract Tryptone medium, grown at 37°C to an OD 600 of 0.6, induced with 0.2% (w/v) arabinose and grown for 4 h at 28°C. Cells were harvested and resuspended in 1 ml of Lysis Equilibration Wash buffer: 50 mM NaH 2 PO 4 , 300 mM NaCl, 1 mg ml −1 lysozyme, 1 mM dithiothreitol, and 0.1% Triton X-100, at pH 8.0. After incubation for 45 min on ice, cells were sonicated on ice and centrifuged at 12 000×g at 4°C for 30 min. A 50 μl portion of the isolated supernatant was used for in vitro assays as previously described (Frusciante et al., 2014) .
Site-directed mutagenesis
Site-directed mutagenesis on BdCCD4.3 was carried out by single PCR with two reverse complement primers: 5 prime CGTATGGATTTGGTTCACGCATCCTTGGAAAGAATTC 3 prime and 5 prime GAATTCTTTCCAAGGATGCGTGAAC CAAATCCATACG 3 prime. The PCR was carried out following a single-primer site-directed mutagenesis method (Edelheit et al., 2009) using pTHIO-BdCCD4.3 as the template, with minor modifications. In a final PCR volume of 12.5 µl, we used 50 ng of template, 0.02U/µl KOD Hot Start polymerase (Novagen, www.novagen. com), 20 pM of the corresponding primer, and 0.2mM deoxyribose nucleoside triphosphates. The cycling parameters of the singleprimer PCR consisted of an initial denaturation at 95ºC for 3 min, and 30 subsequent cycles of denaturation at 95ºC for 30 s, annealing at 60ºC for 30 s, and extension at 70ºC for 3 min. Substitution was confirmed by DNA sequencing as described above.
Results
Crocetin and crocin biosynthesis during floral development in B. davidii
Flowers of B. davidii showed differential pigmentation in the corolla. The corolla is made up of four white petals that are fused for three-quarters of their length into an orange corolla tube due to the presence of crocins (Fig. 1A, B) . Flowers in different developmental stages (Fig. 1B) were analyzed for the accumulation of crocetin and crocins ( Fig. 1C and Supplementary Figs S1, S2 at JXB online). Crocins were detected at stage I but at very low levels compared with stage IV, which showed a 14-fold increase in crocin content (Fig. 1C) , allowing for their characterization (Supplementary Table S1 ). In contrast, the levels of zeaxanthin, the precursor of crocetin, were highest in stage I and decreased as the flower developed, with stage V showing the lowest levels ( Fig. 1B and Supplementary Figs S1, S2). Additional carotenoids were detected in the extracts, cisand trans-isomers with λmax 447 472; the spectral properties and retention time were indicative of β-crytoxanthin.
Gene identification and bioinformatic analyses of a candidate enzyme for crocetin formation in B. davidii flowers
Partial cDNAs were obtained by RT-PCR using degenerated oligonucleotides for CCD enzymes. The obtained sequences were used to design specific oligonucleotides for RACE-PCR. Four full-length cDNAs obtained from flowers at anthesis were named BdCCD1 and BdCCD4.1-3 to indicate their similarity to other plant CCD enzymes. The cDNA sequence of BdCCD1 (GenBank accession number KX816559) encodes a predicted 552 amino acid protein with a molecular mass of 62.13 kDa. The BdCCD1 gene product showed the highest identity at 89% to a putative CCD1 enzyme from Scutellaria baicalensis (AGN03859.1) and shared 87% identity to Vitis vinifera carotenoid cleavage dioxygenase 1, VvCCD1 (Mathieu et al., 2005) . BdCCD4.1 encodes a protein of 580 amino acids with a molecular mass of 64.56 kDa. BdCCD4.1 (GenBank accession number KX374547) protein showed the highest identity at 66% to a putative CCD4 enzyme from Sesamum indicum (XP_011082281.1) and shared 55% identity with VvCCD4a (AGT63321.1), the carotenoid cleavage dioxygenase 4a from Vitis vinifera (Lashbrooke et al., 2013) . BdCCD4.2 encodes a protein of 588 amino acids with a molecular mass of 64.32 kDa. The highest identity at 82% of BdCCD4.2 (GenBank accession number KX374548) was with Sesamum indicum (XP_011092645.1), followed by 76% identity with a carotenoid cleavage dioxygenase 4 from Osmanthus fragans (OfCCD4, ABY60887.1) (Huang et al., 2009) . The last identified gene, BdCCD4.3, encodes a protein of 579 amino acids with a molecular mass of 64.39 kDa. BdCCD4.3 (GenBank accession number KX374549) showed the highest identity at 68% to a putative CCD4 enzyme from Scutellaria baicalensis (AGN03860.1) (Tuan et al., 2013) . The four sequences were included in a phylogenetic tree to determine their positions among the different plant CCD subfamilies (Fig. 2) . The BdCCD1 protein falls into the CCD1 subfamily, among the CCD1 sequences found in other dicotyledonous plants (Fig. 2A) ; similarly, BdCCD4.2 belongs to the CCD4 subfamily from dicotyledonous plants (Fig. 2A) . In contrast, BdCCD4.1 and BdCCD4.3 form a cluster that is sister to the main CCD4 group, which includes both dicotyledonous and monocotyledonous species (Fig. 2B) .
The CCD sequences were analyzed for N-terminal targeting signals or C-terminal membrane anchor signals using ChloroP 1.1 and TargetP v1.1 web-based programs. BdCCD1 was predicted to target to the cytosol. However, BdCCD4.1, BdCCD4.2, and BdCCD4.3 were all predicted to have an N-terminal transit peptide for targeting to plastids. The predictions for the BdCCD4 enzymes were confirmed by analyzing YFP fusion proteins. The full-length coding sequences for the BdCCD4 enzymes were inserted into a vector that adds a C-terminal YFP tag and BdCCD4 agro-infiltrated N. benthamiana leaves were subsequently analyzed by fluorescence microscopy (Fig. 2C) , using the red fluorescence of chlorophyll as a colocalization control signal for chloroplasts. In BdCCD4.1, BdCCD4.2, and BdCCD4.3 YFP fusion proteins, the yellow-green fluorescence colocalized with chlorophyll fluorescence, indicating that these enzymes were targeted to the chloroplast. In contrast, a control construct carrying YFP alone showed typical nucleocytoplasmic localization (Fig. 2C) .
To perform comparative modelling studies, the four proteins were aligned with VP14, which is involved in ABA biosynthesis (Schwartz et al., 1997) and whose crystal structure has been determined (Messing et al., 2010) and analysed using Phyre 2 (Phyre 2 server, http://www.sbg.bio.ic.ac.uk/phyre2/; Fig. 3 ). The overall identity of the four BdCCD enzymes with VP14 ranged from 36% to 39% (Supplementary Table  S2 ). All CCD enzymes are globular proteins comprising one folding domain, which consists primarily of a seven-bladed propeller formed by antiparallel β-sheets that form a tunnel containing the active site and the catalytic Fe 2+ ion, and a 'dome' domain (Fig. 3A) . BdCCDs generally showed these conserved structures. The dome domain forms an α-helical domain on top of the β-propeller (Fig. 3A) in the B. davidii enzymes. However, bioinformatics analysis of the surface properties of all BdCCDs revealed hydrophobic differences among BdCCD1 and BdCCD4s. BdCCD4s, in fact, displayed important hydrophobic residues in the dome domain that were not present in BdCCD1 (Fig. 3B) and that could potentially be involved in membrane interactions inside the plastid. Another characteristic structure of CCOs is hydrophobic tunnels extending from the outside of the protein to the active centre. Aromatic residues, mainly phenylalanines and tyrosines, contribute to almost 30% of the internal cavity surface (Supplementary Table S3 ). In the three known 3-dimensional CCO structures (Kloer and Schulz, 2006; Messing et al., 2010; Kiser et al., 2012) , an arch of phenylalanines, with one leucine replacement in ACO, surmounts the iron centre (Table 2) . Notably, substitutions in this phenylalanine arch are also observed for BbCCD4.1, with one serine replacement, BdCCD4.2, with an isoleucine replacement, and BdCCD4.3, with an isoleucine replacement ( Table 2) . The phenylalanine arch has been proposed to be important for 'caging' the substrate over the iron (Messing et al., 2010) . The role of phenylalanine in carotenoid binding has been previously shown in the light-harvesting complex where approximately 25% of the total interaction between proteins and the carotenoid is due to phenylalanine residues (GarciaMartin et al., 2008) ; the same process was also observed in the helical-carotenoid-protein HCP1 from Nostoc species, which is composed of 33.3% phenylalanine residues (Melnicki et al., 2016) . Most of the residues that determine the configuration of the hydrophobic tunnel are located in the α-helical regions and in the extended loop, with very little contribution from the conserved rigid β-propeller domain. Indeed, the regions of highest diversity are found within the helical sections ( Supplementary Fig. S3 ). The shapes of the tunnels leading to the active centre are similar among the BdCCD proteins ( Supplementary Fig. S4A and Supplementary Table S3 ) and extra tunnels connected to the main catalytic tunnel are present in all four BdCCDs ( Supplementary Fig. S4B ); these could function as additional entrances or exits for substrates and generated products.
Expression analysis of BdCCDs during flower development
We analysed the expression patterns of the BdCCD genes during floral development by sampling each of the five characterized developmental stages with qRT-PCR (Fig. 4) . BdCCD4.1 and BdCCD4.3 had higher relative expression levels than BdCCD1 and BdCCD4.2, and their expression levels followed the accumulation of crocins in the flowers (Fig. 4) . Post-anthesis flowers had the maximum expression levels for BdCCD4.1 and BdCCD4.3, while no transcripts were detected in senescent flowers (Fig. 4) . BdCCD4.2 messenger ribonucleic acid expression was undetectable at stage I but reached a maximum at anthesis and declined thereafter (Fig. 4) . BdCCD1 expression was also lower than that of BdCCD4.1 and BdCCD4.3 and reached its highest level at anthesis; transcripts were undetectable in senescent flowers (Fig. 4) . Expression was also analyzed in leaf and root tissues, where we did not detect the presence of crocetin or crocins ( Supplementary Fig. S5 ). Only BdCCD1 transcripts were detected in both tissues, with higher levels of expression in the leaves.
Functional characterization of BdCCD4 enzymes
The BdCCD1 enzyme is 87% identical to the VvCCD1 enzyme that catalyzes symmetric 9,10;9′,10′ cleavage of β-carotene and 5,6;5′,6′ cleavage of lycopene (Mathieu et al., 2005; Lashbrooke et al., 2013) . This similarity, together with the clear position of BdCCD1 in the CCD1 subfamily, suggested that BdCCD1 activity might be similar to that predicted for other CCD1 enzymes. BdCCD4.2 clearly clusters with other characterized CCD4 enzymes (Huang et al., 2009; Lashbrooke et al., 2013) and the high percentage of identity with these CCD4 enzymes prompted us to assume that BdCCD4.2 has a similar activity to OfCCD4, an enzyme that hydrolyses the 9,10 and/or 9′,10′ double bonds of β-carotene (Huang et al., 2009) . Nevertheless, BdCCD4.2 activity was tested together with BdCCD4.1 and BdCCD4.3.
Initially, the recombinant proteins were co-expressed in carotenoid-accumulating Escherichia coli strains engineered to accumulate β-carotene, via pAC-BETA, and zeaxanthin, via pAC-ZEAX. Only the ultraviolet-visible (UV/VIS) absorbance spectrum from the zeaxanthin background from BdCCD4.1 and BdCCD4.3 showed a peak that matched crocetin dialdehyde based on retention time and UV/VIS spectrum (Fig. 5A) . HPLC analysis of the other extracts, including the β-carotene extracts, did not show any detectable apocarotenoid or peaks at 360 nm and 425 nm. Crocetin dialdehyde was confirmed by LC-APCI(+)-MS analyses (Fig. 5B) in the pTHIO-BdCCD4.1 and pTHIO-BdCCD4.3 extracts. This methodology also allowed detection of crocetin in the pTHIO-BdCCD4.1 extract. Crocetin is likely formed by E. coli from the aldehyde cleavage product, as previously reported (Frusciante et al., 2014) .
The activities of BdCCD4.1 and BdCCD4.3 were also tested using an in vitro approach to confirm the cleavage of zeaxanthin and to further explore enzyme substrate specificity. We expressed the BdCCD4 plasmids in BL21 E. coli cells previously transformed with the plasmid pGro7, which encodes the groES-groEL-chaperone system, and incubated crude lysates of these cells with β-carotene and zeaxanthin. Numbers indicated the position of the corresponding amino acid residue in the protein sequence.
HPLC-MS analysis of the assays with zeaxanthin revealed the formation of crocetin dialdehyde (Fig. 6) , which was confirmed by comparison to an authentic standard, indicating a double cleavage of the 7′,8′ and 7,8 double bonds (Fig. 6 ). These data demonstrate that BdCCD4.1 and BdCCD4.3 cleave 7′,8′ and 7,8 double bonds in zeaxanthin, leading to crocetin dialdehyde.
In silico comparison among BdCCD4.1, BdCCD4.3, and CCD2 enzymes Phylogenetic analyses showed that BdCCD4.1 and BdCCD4.3 enzymes clustered in a different subfamily than CCD2 enzymes. Given that CCD2 members and BdCCD4.1 and BdCCD4.3 proteins showed the same activity, we decided to investigate the structure of these enzymes to understand their common activity. An amino acid conservation score was calculated for CCD2 enzymes, CsCCD2L from C. sativus and CaCCD2 from C. ancyrensis, BdCCD4.1, and BdCCD4.3 ( Supplementary Fig. S6 ). CitCCD4b1 was also selected for the analyses because it includes amino acids that were conserved in Crocus and Buddleja. We identified 25 conserved amino acid residues (Table 3 and Supplementary Fig. S6 ). In the next step, we determined which of these 25 amino acids were conserved in BdCCD1 and BdCCD4.2 and whether they were present in the tunnel that presumably leads to the Table S3 ). All but four amino acids were conserved in these sequences (Table 3) . Two of these four amino acids were located on β-strands, I278 in BdCCD4.1 and I289 in BdCCD4.3, D381 in BdCCD4.1 and D392 in BdCCD4.3, while the other two were on loops, S421 in BdCCD4.1 and S437 in BdCCD4.3, Y504 in BdCCD4.1 and Y519 in BdCCD4.3 (Fig. 7A ). D381/D392 were located on the outside of the molecule (Fig. 7A) , and the other three were located internally. However, none of these residues were among the ones predicted to form the substrate tunnel. Only S421 in BdCCD4.1 and S437 in BdCCD4.3 were close to the primary proposed tunnel (Supplementary Fig. S4 ). We therefore decided to substitute residue S437 in the BdCCD4.3 sequence and analyze the possible structural changes, if any, associated with this substitution. This amino acid was substituted with alanine to produce BdCCD4.3-A437. We then compared the 3-dimensional homology structure of BdCCD4.3 with that of BdCCD4.3-A437 using the VP14 crystal structure as a template. We observed important structural changes in BdCCD4.3-A437, primarily at the α-helical dome (Fig. 7A) . The second and third α-helices in BdCCD4.3 were fused in BdCCD4.3-A437 ( Supplementary Fig. S6 ). In addition, analyses of the different tunnels showed multiple differences in BdCCD4.3-A437 (Supplementary Figs S2,  S6 and Supplementary Table S3 ). Thus, this point substitution could cause an important structural rearrangement in BdCCD4.3 that could affect its activity. Furthermore, the tunnel opening in BdCCD4.3-A437 was narrowed owing to a phenylalanine residue (F303) (Supplementary Fig. S6 ) that could interfere with passage of zeaxanthin to the active site. Therefore, to determine whether S437 in BdCCD4.3 governs BdCCD4.3 activity, we mutated this amino acid to alanine ( Supplementary Fig. S7 ). When S437 was changed to alanine, resulting in BdCCD4.3-A437, the mutant protein was no longer active (Fig. 7B) , and only the unmodified enzyme showed the expected activity, catalyzing the formation of crocetin, which was confirmed by LC-APCI(+)-MS analyses (Fig. 7B, C) .
Discussion
We identified BdCCD4.1 and BdCCD4.3 as CCD enzymes involved in the production of crocetin dialdehyde from zeaxanthin in B. davidii flowers. Both enzymes specifically catalyzed the cleavage of zeaxanthin at 7,8;7′,8′ double bonds, producing crocetin dialdehyde. The same activity has been recently reported for CCD2 in C. sativus and C. ancyrensis (Frusciante et al., 2014; Ahrazem et al., 2016b) .
Accumulation of crocins in B. davidii flowers
Crocins have been detected in only a few plants besides several Crocus species, usually at low or trace levels (Moraga et al., 2009) . Crocetin was reported from the family Buddlejaceae for the first time in 1979 (Daniel and Sabnis, 1979) . In 1991, crocin was reported in dry flowers of B. officinalis (Cheng and Chen, 1991) , and eight years later, Liao et al. (1999) detected crocetin monogentiobiosyl ester in flower extracts from this plant. In the present study, we analyzed the presence and -L95  -L111  --F83  -P106  -P122  --G94  -S116  -S132  --K104  -Y140  -Y156  --L128  -D144  -D160  --E132  -I154  -I170  --L142  -K158  -K174  --R146  -T160  -T176  --I148  -D258  -D264  --E235  V236  I278  T286  I289  --T260  -Y332  - 
biosynthesis of crocins, crocetin, and zeaxanthin during floral development in B. davidii. The obtained profiles showed developmentally regulated accumulation of crocins with different degrees of glucosylation. Crocetin monogentiobiosyl ester was the main crocin detected at all stages. The same crocins detected in the B. davidii corolla tube have been previously detected in saffron stigmas and Gardenia jasminoides fruits (Carmona et al., 2006) . In saffron and other Crocus species, crocin accumulation is developmentally regulated (Moraga et al., 2009; Ahrazem et al., 2016b) , and their presence in the flower has been associated with pollinator attraction (Ohmiya, 2011) . Zeaxanthin was initially proposed as the precursor for crocetin biosynthesis (Pfander and Schurtenberger, 1982) and several years later this was confirmed in Crocus species, in which CCD2 enzymes were identified and shown to use zeaxanthin as a substrate for crocetin dialdehyde production (Frusciante et al., 2014; Ahrazem et al., 2016b) . The concomitant increase in zeaxanthin and crocins in the corolla tube of B. davidii suggested that this carotenoid is also the precursor of crocins in this plant. Along with crocetin dialdehyde, the apocarotenoid 2,6,6-trimethyl-4-hydroxy-1-carboxaldehyde-1-cyclohexene (HTCC) is generated from the 7,8;7′,8′ cleavage of zeaxanthin. In saffron, HTCC is glucosylated in the stigma to produce picrocrocin, the precursor of the volatile safranal (Ahrazem et al., 2015) . Neither picrocrocin nor safranal was detected in B. davidii flowers in this study, although related volatile compounds, including 4-oxoisophorone (2,6,6-trimethyl-2-cyclohexene-1,4-dione), oxoisophorone oxide (1,3,3-trimethyl-7-oxabicyclo [4.1.0]-heptan-2,5-dione), dihydro-oxoisophorone (2,6,6-trimethyl-1,4-cyclohexadione), and β-cyclocitral have been detected elsewhere (Guédot et al., 2008) . The absence of picrocrocin and safranal has been also reported in Gardenia and spring Crocus species (Carmona et al., 2006; Rubio Moraga et al., 2013) .
Isolation and sequence analyses of carotenoid cleavage enzymes in B. davidii flowers
To find the CCD enzyme responsible for crocetin biosynthesis in developing B. davidii flowers, we searched for and isolated CCD genes and compared their expression patterns with the pattern of crocin metabolism during flower development. Significant differences were observed in expression among the four isolated CCD genes. The expression of BdCCD4.1 and BdCCD4.3 increased rapidly, with a peak in stage IV, which was consistent with the accumulation of crocins in the flower tissue. In contrast, the expression of BdCCD1 and BdCCD4.2 remained at relatively low levels during flower development and metabolites of crocins increased.
Phylogenetic analysis of the isolated enzymes showed that BdCCD1 belongs to the CCD1 plant subfamily. CCD1 orthologues are highly similar and are the only members of the plant CCD enzyme family that are predicted to be cytosolic (Walter and Strack, 2011) . The enzymes of this subfamily use multiple substrates and have double bond specificity. They catalyzed the double cleavage of carotenoid substrates at the 9,10 and 9′,10′ double bonds, producing a C14-dialdehyde and two C13 volatile products (Schwartz et al., 2001) . In addition, CCD1s recognize additional sites in monocyclic and acyclic carotenoids and apocarotenoids (Vogel et al., 2008; Ilg et al., 2009) . In contrast, the other three isolated CCD enzymes belonged to the CCD4 subfamily. Several gene copies are common in the CCD4 subfamily in different plants species RubioMoraga et al., 2014) . BdCCD4.2 clusters with the major group of CCD4 enzymes from dicotyledonous and monocotyledonous species and is closely related to other Lamiales like S. indicum with 82% identity, O. fragans with 76% identity, and Erythranthe guttata with 74% identity to XP_012837295.1. In contrast, BdCCD4.1 and BdCCD4.3 formed an independent group with other CCD4 enzymes from S. indicum, E. guttata, and S. baicalensis, but they had lower similarity to enzymes from these species, namely 66% to S. indicum for BdCCD4.1 and 68% to S. baicalensis for BdCCD4.3. To date, no studies have reported on crocetin or crocins in S. indicum, E. guttata, and S. baicalensis. However, studies in S. baicalensis flowers revealed high expression levels of SbCCD4 (AGN03860) and SbCCD1, which result in considerably reduced levels of carotenoids in the flowers (Tuan et al., 2013) . The role of CCD1 enzymes in cleavage of apocarotenoids (Ilg et al., 2009) could explain the absence of crocetin in this plant. A similar situation is found in some Citrus species, where high expression levels of CitCCD4b1 were observed, but the product of its activity, C30 β-citraurin (3-hydroxy-β-apo-8′-carotenal), was not detected (Rodrigo et al., 2013) . Interestingly, crocetin has been described in three other Lamiales species, Verbascum phlomoides, Plectranthus barbatus, and Nyctanthes arbor-tristis (Paech, 1955; Tandon et al., 1979; Gadgoli and Shelke, 2010) , although no CCD gene sequences from these plants are present in GenBank.
In the N-terminal region of the proteins encoded by BdCCD4.1-3, a characteristic transit peptide was predicted. All BdCCD4 enzymes targeted YFP to the plastids in the transient expression experiments. Other CCD4 enzymes have also been found to be located in plastids, where they have access to their carotenoids substrates (Ytterberg et al., 2006; Rubio et al., 2008; Ma et al., 2013) .
BdCCD4 function and specialization
The presence of several CCD4 members in B. davidii implied that they had divergent functions. Duplication removes constraints associated with the retention of the ancestral gene function because one copy of the gene continues to fulfil the original function, while other copies can diversify, and this seems to be the case for the CCD4 enzymes. Research on these enzymes has increasingly indicated that CCD4 genes are involved in color formation in fruits and flowers (Ohmiya et al., 2006; Campbell et al., 2010; Brandi et al., 2011; Rodrigo et al., 2013; Gonzalez-Verdejo et al., 2015; Buah et al., 2016) , in the emission of volatiles (Rubio et al., 2008; Brandi et al., 2011; Lashbrooke et al., 2013) , and in other additional roles. Arabidopsis CCD4, for instance, negatively regulates β-carotene levels in seeds (Gonzalez-Jorge et al., 2013) and its enzymatic activity also leads to an as yet unidentified signalling molecule involved in the regulation of leaf and chloroplast development (Avendano-Vazquez et al., 2014) , while potato CCD4 was associated with stolon elongation and growth (Campbell et al., 2010) . The distinct functions of the CCD4 enzymes might be associated with their different cleavage activities in various plant species and with the resulting apocarotenoid products. The first characterized CCD4 enzymes showed 9,10; 9′,10′ activity on β-carotene (Rubio et al., 2008) and the same activity was found for CCD4 enzymes in other plant species (Huang et al., 2009) . Studies performed in V. vinifera found that CCD4 enzymes exhibited 9,10; 9′,10′ and 5,6;5′,6′ cleavage activities on ζ-carotene/β-carotene and lycopene (Lashbrooke et al., 2013) . For the potato enzyme StCCD4, the cleavage of alltrans-β-carotene at the 9′,10′ double bond and the cleavage of β,β-cryptoxanthin, zeaxanthin, and lutein either at the 9′,10′ or the 9,10 double bonds, have been reported (Bruno et al., 2015) . Studies on CCD4 enzymes from Citrus demonstrated that one of the CCD4 genes present in the genome encodes an enzyme that catalyzed single cleavage at the 7′,8′ double bond in zeaxanthin, β,β-cryptoxanthin, and β-carotene, leading to the formation of β-citraurin and C10-volatiles Rodrigo et al., 2013) .
Substrate discrimination and the selection of different double bond targets among the CCD4 enzymes is presumably related to the size of the hydrophobic substrate tunnel and interactions with its hydrophobic and aromatic residues, as observed from analyses of crystal structures of different CCDs (Sui et al., 2013) . Many more hydrophobic tunnels were found in BdCCD4 compared with BdCCD1. Several hydrophobic tunnels have been hypothesized for other CCD enzymes (Sui et al., 2013) and they are present in many other enzymes, but the functional significance of these tunnels has not been addressed (Kingsley and Lill, 2015) . The ability of BdCCD4.1, BdCCD4.3, and CsCCD2 to cleave zeaxanthin suggests that these enzymes have a substrate tunnel that is wider than that of BdCCD4.2 and/or the 3-OH groups of zeaxanthin do not form unfavourable interactions with the hydrophobic substrate tunnel. The animal carotene oxygenases BCO2, MCO2, and NinaB, and bacterial MtCCO, have the ability to cleave carotenoids with and without 3-hydroxyl groups on their ionone rings and this capacity has been associated with tunnel size (Oberhauser et al., 2008; Scherzinger et al., 2010; Mein et al., 2011; Dela Sena et al., 2016) . BdCCD4.2 contains two proline residues in the tunnel that can create steric impediments to zeaxanthin. In addition, the tunnel entrance in the proposed BdCCD4.3-S437 3-dimensional structure indicated striking differences from the structure of the wild-type BCCD4.3 structure, with additional amino acid residues that could hinder substrate passage and cleavage.
Our results indicate that similar or identical biochemical functions of CCDs evolved independently in different plant lineages, including saffron and Buddleja. The CCD enzymes share a similar overall active site structure (Sui et al., 2013) and use similar reaction mechanisms (Sui et al., 2015) , which allow the formation of different and common apocarotenoid products from a range of carotenoid substrates. Promiscuity or selectivity among the CCD enzymes is presumably based on relatively minor modifications of the active site structures, which could affect substrate recognition and positioning. Gene duplication provides a direct mechanism for the evolution of conformational diversification (Innan and Kondrashov, 2010) and the formation of specialist enzymes. Among the CCD enzymes, the CCD4 subfamily is characterized by several members Zheng et al., 2015) , which are grouped in different clusters, suggesting a degree of specialization. Our mutant analyses revealed that a single substitution located on the surface loop can produce notable conformational changes that comprise the substratebinding pocket and enzyme activity.
In conclusion, the results from this study not only demonstrate novel enzymatic activities in one of the most highly valued specialized metabolic biosynthetic pathways in plants but also provide insights into how enzymes from different subfamilies form the same specialized compounds. The challenge ahead is to use the knowledge acquired here to transfer the pathway to other crop plants, increasing their value and allowing the production of crocetin and crocins in a cost-effective manner.
Supplementary Data
Supplementary data are available at JXB online. Fig. S1 . Typical HPLC-DAD/UV isoplot chromatograms of corollas in Stages I-V. Fig. S2 . Typical chromatograms at 446 nm, obtained by HPLC-DAD analysis of corolla extracts at different developmental stages. Fig. S3 . Amino acid sequence alignment of Vp14 and BdCCD enzymes. Table S1 . Crocins present in B. davidii corollas. Table S2 . Structural analysis of BdCCDs amino acid sequences. Table S3 . Residues conforming the hydrophobic tunnel of B. davidii CCD enzymes.
Data Deposition
Sequence data. GenBank. Accession numbers: KX816559 (BdCCD1), KX374547 (BdCCD4.1), KX374548 (BdCCD4.2), and KX374549 (BdCCD4.3). https://www.ncbi.nlm.nih.gov/nuccore/KX816559 https://www.ncbi.nlm.nih.gov/nuccore/KX374547 https://www.ncbi.nlm.nih.gov/nuccore/KX374548 https://www.ncbi.nlm.nih.gov/nuccore/KX374549
